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Raman signals of adsorbates on a

roughened silver electrode can be
greatly enhanced by a factor of 10°—10%," 3
surface-enhanced Raman scattering (SERS)
has been attracting increasing interest for
basic research as well as a powerful spectro-
scopic technique for ultrasensitive identifi-
cation of analytes down to single-molecule
level.** Coupled nanoparticles with close
spacing and sharp tips or curvatures can
have highly concentrated electromagnetic
(EM) fields associated with strong localized
surface plasmon resonance, which would
contribute to substantial Raman enhance-
ment. Consequently, control of the shape,
orientation, and self-assembly of nanopar-
ticles is a major focus in current SERS
studies.®~® One key challenge is to increase
the volume fraction of the “hot-spot” region
in the entire system, which generally is low
and difficult to produce or predict reliably,'®
which may lead to poor reproducibility of
Raman signals. Other strategies for surface
patterning of periodic noble metal nanos-
tructures are also effective in improving
SERS reproducibility,’’ ' although better
control of particle size and density and
dielectric properties of the surrounding
medium are still needed for optimizing the
EM characteristics on the surface.">'® On
the whole, a precisely controlled pattern
with submicrometer periodicity on a surface
with tunable EM characteristics is needed
for practical SERS applications.

In this study, we use a simple method to
enhance the surface EM field via unique
metallo-dielectric (MD) structures designed
for ultrasensitive SERS sensing. Our calcula-
tions show that the EM field can be greatly
enhanced at the air—dielectric interface if
multiple MD units are introduced. The MD
structure is supported by amorphous silicon
(a-Si), and each MD unit is composed of

S ince the discovery in the 1970s that the
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ABSTRACT Metallo-dielectric photonic crystals (MDPCs) are used as ultrasensitive molecular

detectors for concentrations down to picomolar level based on surface-enhanced Raman

spectroscopy (SERS). Calculations show that the amorphous silicon photonic crystals (a-Si PCs)

embedded in multiple metallo-dielectric (MD) units can significantly increase the electromagnetic

fields at the air—dielectric interface, leading to remarkable Raman enhancement. Corresponding

experiments show the multiple MDPC structures can serve as an ultrasensitive SERS substrate with

excellent reproducibility and stability, capable of quantitative analysis down to 10 pM level. The

MDPC structure can be generalized to other applications, such as plasmonic devices, ultrasensitive

sensors, and nanophotonic systems.
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silver and a-Si layer as summarized in Figure 1A,
dissimilar to the conventional schemes
using sharp metallic tips or closely packed
metal particles to create enhanced local
field at their vicinity."”~?° Figure 1B—E shows
the distribution of normalized pump irradi-
ance (/p) at 633 nm wavelength through the
MD structures with different configurations.
The values of pump irradiance /, are normal-
ized to that of pure a-Si. On the outermost
surface, the normalized I, is 3.4, 6.5, 7.9, and
8.4 for the structure composed of 1, 2, 3, and
4 MD units, respectively. The normalized /,
at the air/a-Si interface reaches saturation
for 4 and higher number of units (Supporting
Information S1). Figure 1F summarizes the
dependence of normalized /, on MD unit
numbers. The calculation clearly shows that
the EM field can be greatly enhanced on the
proposed MD structures. On the basis of
these results, we further combine such MD
structures on a substrate with long-range
order to form MDPCs.

RESULTS AND DISCUSSION

Figure 2 shows the schematic illustration
and corresponding SEM observations of the
fabrication procedures of MDPCs. The PS
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Figure 1. (A) Schematic illustration of the proposed model of MDPCs. (B—E) Normalized /, distribution across MDPC
structures with 1—4 MD units, respectively. (F) Normalized I, versus the number of MD units.
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Figure 2. Fabrication procedures of MDPCs: (A) PS SAM deposited on a supporting substrate; (B) PS SAM shrinkage after

thermal treatment; (C) a-Si sputtered onto the PS SAM to form a-Si PCs; (D) MD units integrated into a-Si PCs to form MDPCs.
SEM images showing the (E) PS SAM, (F) PS SAM after thermal treatment, (G) a-Si PCs (45° tilted), and (H) MDPCs with 4 MD
units (45° tilted). The insets in panels G and H are magnified SEM images showing the rounded-off and sharpened particles of
a-Si PCs and MDPCs, respectively.

SAM was first obtained through our modified self-
assembly technique as indicated in Figure 2A. The PS
SAM shows ordered hexagonal arrangement, and the
diameter of the PS spheres is 978 &= 32 nm, as shown in
Figure 2E. Notably, the obtained PS SAM through our
modified self-assembly technique almost completely
covered the supporting substrate (Supporting Infor-
mation S2). Also, this technique is applicable to wide-
ranging permutations of insulating and conducting flat
surfaces regardless of hydrophilic or hydrophobic sur-
face of the supporting substrates. Afterward, to en-
hance PS SAM mechanical strength and a-Si filling,
thermal treatment was applied to the PS SAM as shown
in Figure 2B. After the thermal treatment, the diameter
of PS spheres was about 800 nm, yielding an average
shrinkage of ~18% as observed in Figure 2F. The
thermal-treated PS SAM possessed the same alignment
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with the PS SAM, with very few dislocations and cracks.
A thin layer of a-Si was sputtered onto the thermal-
treated PS SAM to form a-Si PCs as presented in
Figure 2C. SEM observation in Figure 2G confirmed
that the obtained a-Si PCs inherited perfectly the
ordered hexagonal arrangement and the monolayer
integrity. The individual particle is spheroid-like with
rough surfaces. The aspect ratio of the individual
particle is approximately 2.2:1 and can be well-tuned
by controlling the sputtering time. Finally, silver and
a-Si are alternately and sequentially sputtered onto the
a-Si PCs to form MDPCs with desired MD configura-
tions simply by controlling the sputtering time.
Figure 2D schematically summarizes the structural
information of a section plane of a-Si PCs containing
4 MD units. For better clarification, the SEM image of
a-Si PCs integrated with MD units is given in Figure 2H.

VOL.5 = NO.4 = 3027-3033 = 2011 A@MNK)

WWww.acsnano.org

11D1L¢

3028



(A) B)
] 2000 cps

10° MR6G ] 2000 cps

10°MR6G [ 1000 cps 10" MR6G

§ A

Yl Wi i " \ A e
v ,‘Jj Wf ‘»,«‘MA‘W M
o= | oo | T
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
Raman shift / cm’™ Raman shift / cm” Raman shift / cm”
(D) _ﬂ E "
1 1000 cps 10" MR6G 1 1000 cps 10" MR6G
A fi i | MMQ’/ il
N J“"A'\A Vil X
P pigosty
T || R N
1000 1200 1400 1600 1800 1000 1200 1400 1600 1800

Raman shift / cm™

Raman shift / cm’”

Figure 3. (A—E)Raman spectra recorded from MDPCs with Cgeg decreasing from 10 8to 10~ "2 M. The spectra in each diagram
correspond to MDPCs with one (red), two (green), three (blue), and four (cyan) MD units, respectively. The dark gray curves are

obtained from the reference substrates.

The morphology, dimension, and structure of MDPCs
retain the same shape except for the sharpened edges
and corners (see Supporting Information S3 for more
details).

The lithography-based method allows the prepara-
tion of ordered SERS substrates with nanostructures
having a wide diversity of shapes and geometries. Our
method provides an alternative for achieving precisely
controlled spacing, although it remains a challenge to
routinely obtain a spacing of less than 10 nm for
maximal electromagnetic coupling.?® The major ad-
vantage of the current MDPCs is their high sensitivity
down to picomolar level detection of probe molecules
owing to the enhanced EM fields and unique wafer-
scale platform. To evaluate this capability, SERS spectra
were taken from the MDPCs with different MD units
using R6G as the probe molecule. Figure 3A—E shows
the Raman spectra recorded from MDPCs with R6G
concentration (Creg) decreasing from 10 8to 1072 M.
The spectra in each diagram represent the MDPCs with
4 to 1 MD units from top to bottom, respectively, while
the bottom dark gray spectra are the reference sub-
strates obtained by directly sputtering a thin silver
layer onto the PS spheres. All of the Raman bands
match well with the characteristics of the Raman
spectrum of R6G.2® The bands at 1126 and 1188 cm ™'
are assigned to the C—H in-plane bending mode. The
bands at ca. 1362, 1509, 1580, and 1649 cm™' are
assigned to the C—C stretching modes. It is clear that,
for a given Creg, the MDPCs with multiple MD units
show stronger Raman signals than the reference ones,
and the MDPCs with 4 MD units show the strongest
intensity in accordance with our calculation. Signifi-
cantly, Figure 3 shows that the detection limits of

ZHAO ET AL.

MDPCs with multiple MD units can reach picomolar
or lower level, which is more sensitive than the re-
ported detection limits on SERS substrates with long-

range periodicity.?” ~3°
We suppose that the Raman enhancement is pri-
marily attributed to the MD structure rather than to the
coupling of silver nanoparticles or molecular diffusion.
On one hand, the experimental data indicate that the
Raman intensity or detection limit of MDPCs with 4 MD
units is at least 2 orders of magnitude higher than that
with 1T MD unit. If the Raman enhancement is primarily
due to coupling of nanoparticles in the silver layer, all
of the substrates are expected to have similar enhance-
ment because their surface structure is only slightly
changed under the same experimental conditions. On
the other hand, for a given concentration, the molec-
ular adsorption/desorption and diffusion near the sur-
face region should be the same and contribute the
same to Raman signal intensity. However, the experi-
mental results clearly show that the Raman intensities
are orders of magnitude different for MDPCs with
different MD units. Therefore, we conclude that Raman
enhancement should be mainly attributed to the
coupling of MD units. The Raman signals in Figure 3E
show that the detection limit of R6G on MDPC with 4
MD units is at least 107" M. Assuming all of the
molecules in 0.5 mL of R6G solution of 107" M are
adsorbed evenly on the ~107 particles in the 3 x 3mm
area of MDPCs, we calculate on the average that there
are ~30 molecules on each particle. It means that, if the
number of molecules surpasses 30 on an individual
particle or ~125 molecules within the laser spot area
(2 um in diameter), the probe molecules would be
detectable. This value is comparable to or even better
VOL.5 =
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TABLE 1. EF and SNR of R6G Molecules (107 '° M) on
MDPCs with Different MD Configurations

number of MD units EF* SNR
1 021 x 10° 6.4
2 0.58 x 10° 14.6
3 092 x 10° 17.8
4 15 x 10° B3

“EF values are normalized to that of a-Si PCs (see Supporting Information S3).

TABLE 2. EF and SNR of MDPCs with 4 MD Units at
Different Creg

Crog (MoOI/L) EF SNR
1078 3.2 x 10* 294
107° 31x% 10° 2.1
07" 1.2 % 107 204
107" 0.76 x 10° 16.4

“EF values are normalized to that of a-Si PCs.

than the reported detection limits achieved using sur-
face-enhanced resonance Raman scattering.3' 33
Furthermore, we investigated the enhancement
factor (EF) and noise-to-signal ratio (SNR) of MDPCs.
For the estimation of EF, the intensity of the character-
istic 1509 cm ™' peak was chosen in the expression

EF = [ISERS]/[InormaI] X [Nnormal]/[NSERS] (1)

where Isgrs and Iormar correspond to the normal and
SERS signal intensities, respectively,>* and Npormar and
Nsgrs are the number of molecules probed in a bulk
sample and that adsorbed on MDPCs, respectively. For
the estimation of SNR, the same 1509 cm ™' peak was
chosen, and calculated according to

SNR = 10 |09(Isig|nal/lnoise)2 (2

where [gna and /oise are for the intensities of signal
and background noise, respectively. For quantitative
purpose, the ratio of /sgna and Ineise should be larger
than 10 (equal to SNR > 20).3* The calculated EF
(Supporting Information S4) and SNR values for R6G
on MDPCs with different MD units are given in Table 1.
As the MD units in MDPCs increased from 1 to 4, the
number of R6G molecules adsorbed on a unit area of
MDPCs would be slightly changed as mentioned be-
fore. However, the EF values increased from 0.21 x 10°
to 1.5 x 10% and the SNR values decreased from 23.3 to
6.4, correspondingly, according to the SERS spectra.
The MD unit configuration not only plays a key role in
the enhancement effects but also reveals the potential
for quantitative analysis. Table 2 gives the EF and SNR
of MDPCs containing 4 MD units. It shows that, at 10 pM
Crec, MDPCs with 4 MD units exhibit an excellent SNR
of 20.4. The EF increases dramatically as probe mole-
cule concentration decreases, as shown in Figure 4. At
high analyte concentration, not all of the target mol-
ecules would likely adsorb onto the SERS substrate to

IgEF
[ 4]

IgC._IM

R6G

Figure 4. Enhancement factor (EF) of R6G molecules on
MDPCs with 4 MD units at different Cgge.

yield enhanced Raman signals as compared to low
concentration, thus the EF would appear higher for the
low concentration sample. The calculated logarithmic
value of EF is proportional to Cgec. It indicates that the
EF can be estimated at a given analyte concentration,
suggesting MPDCs are highly attractive substrates for
quantitative purposes. It is worth pointing out that the
calculated EF values are normalized to that of a-Si PCs,
which means that the actual EF values are obviously
higher than that using bulk R6G as probe molecules
because a-Si PCs already possessed remarkable Raman
enhancement (Supporting Information S4). Note that
the MDPCs also exhibit large Raman enhancement for
other probe molecules; for example, the detection limit
for 4-MBA is as low as 10 nM level using the MDPCs
with 4 MD units, while it is merely at millimolar level in
previously reported values**~3® (Supporting Informa-
tion S5).

Besides large Raman enhancement and the capabil-
ity of quantitative analysis, another important advan-
tage of the MDPCs is the homogeneous site enhance-
ment distribution over centimeter-scale area without
loss in structural uniformity, yielding improved repro-
ducibility of Raman signals. Figure 5A shows the SERS
spectra recorded at 30 randomly chosen spots on
MDPCs with 4 MD units. The spot-to-spot intensity
variations of the characteristic 1509 cm™' peak are
quantitatively displayed in Figure 5B, which shows that
20 of the total 30 data points exhibit an intensity
variation within 5%, while the remaining 10 points
are within 10%. A recent study showed that silver-
coated close-packed PS spheres possessed a broad site
enhancement distribution and an extremely low frac-
tion (~10"°) of hot-spot sites with an enhancement
factor >10°.'° We also examined the SERS intensity
map of MDPCs with different MD configuration at 1 nM
Crec (Supporting Information S6), and the results
indicated that as the number of MD units increase,
both the sensitivity and the uniformity of SERS signal
are greatly improved. The present MDPCs with 4 MD
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Figure 5. (A) Reproducibility of Raman spectra on MDPCs with four MD units. Thirty Raman spectra between 1150 and
1700 cm " were collected at Cgeg of 10~ M. Colors are assigned according to the relative intensity of the spectra. (B) Intensity
distribution of the 1509 cm™" peak in the 30 spectra. The average intensity is indicated with a red line, and the yellow and
green zones represent +5 and +5—10% intensity variation, respectively.

units produce much more homogeneous SERS signals,
and the enhancement distribution is limited to a
relatively narrow region, which is advantageous for
quantitative analysis purposes. Besides, the Raman
enhancement factor is orders of magnitude higher
than the silver-coated close-packed a-Si spheres (i.e.,
the reference substrate), which is regarded to be
analogous to silver-coated close-packed PS spheres.®
Importantly, compared to traditional surface- or tip-
enhanced Raman spectroscopy using bare metal par-
ticles or metal tips as Raman signal amplifier, MDPCs
eliminate direct interaction between the metal and
probed molecules by an isolated shell, which has
proven to be effective in preserving original vibrational
information®>“° and providing more accurate surface
Raman signals. Furthermore, MDPCs possess better
performance than other substrates we prepared
through the similar procedure (Supporting Information

METHODS

Calculation Methods. In our calculation, we invoke the concept
of irradiance rather than the EM field. The former refers to the
flow of radiant energy incident on a surface. The calculation
model is based on MD structure of silver supported on amor-
phous silicon (a-Si), and each MD unit is composed of a silver
layer with a thickness of 18 nm and a-Si layer with a thickness of
10 nm. The pump irradiance is calculated from the pump
electric field and the characteristic impedance of the medium.?’
The information of medium and that of the EM field is included
in pump irradiance /,, which is defined as

I = &oc|Ep|?/2n (3)

where &, ¢, n, and Ej represent electrical permittivity of free
space, speed of light in free space, refractive index of medium,
and pump excitation electric field in the medium, respectively.
The distribution of pump electric field is calculated by transfer
matrix method.??> The material refractive indices are chosen
from ref 23 for the calculation.

Materials and Instrumentations. The reagents are of analytical
grade and used as received. The polystyrene (PS) spheres were
purchased from MicroParticles GmbH. The concentration of the
PS suspension is 10% (w/w), and the size distribution of the PS
spheres is 978 + 32 nm. The silicon wafer (undoped, >3000
Qcm) was soaked in piranha solution (H,SO4/H,0; 3:1 v/v) to

ZHAO ET AL.

S7) or some other methods**'~** which further

illustrated the importance of introducing multiple
MD configurations. Lastly, the MDPCs only showed
little variation of Raman enhancement after storage
in ambient conditions for one month (Supporting
Information S8).

CONCLUSION

MDPCs are used as SERS substrates for ultrasensitive
molecular detectors. Calculation and experiments
show that the electromagnetic fields are significantly
enhanced on the surface of MDPCs. The MDPCs pos-
sess uniform site enhancement distribution and are
capable of quantitative analysis and detection of R6G
molecules down to 10 and 1 pM level, respectively, with
excellent reproducibility and stability of Raman signals.
The totality of the results suggests MDPCs to be a highly
promising candidates for practical SERS applications.

obtain a clean surface before use. The silicon target was washed
with 5% hydrofluoric acid and presputtered for 30 min before
the deposition of a-Si. The scanning electron microscopy (SEM)
observation was performed on a Philips XL 30 FEG SEM. The
Raman spectra were collected from a Renishaw 2000 laser
Raman microscope equipped with a 633 nm argon ion laser
of 2 um spot size for excitation.

Fabrication of MDPCs. A modified self-assembly technique?*
was used to fabricate the PS self-assembled monolayer (SAM).
The PS suspension was first diluted by mixing with equal
volumes of ethanol. Subsequently, the as-prepared ethanol/
water PS solution was applied to form the PS SAM on the surface
of the water, under which the supporting substrate was pre-
located. The water was pumped out, and the monolayer was
dried under ambient conditions. Afterward, the substrate with
PS SAM was heated at 90 °C in vacuum for PS shrinkage and
SAM mechanical enhancement. After that, the substrate was
loaded in a radio frequency magnetron sputtering system for
a-Si deposition. The deposition speed was ~1.8 A/s, and
deposition time was 3 h. Then, a silver layer with a thickness
of ~18 nm was sputtered onto the a-Si PCs, followed by
sputtering ~10 nm thick a-Si. By repeating the deposition of
Ag and a-Si layers, a-Si PCs with the desired numbers of MD
units were fabricated. Finally, the as-obtained MDPCs were
immersed in chloroform to remove the PS template. The as-
fabricated MDPCs show strong and uniform diffraction colors,
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and their size reaches tens of square centimeters, determined
only by the size of PS SAM.

SERS Efficiency Evaluation. The MDPC substrate was cut into
3 x 3 mm? and soaked in 0.5 mL of aqueous rhodamine 6G (R6G)
and 4-mercaptobenzoic acid (4-MBA) solution of different con-
centrations for a certain time until an adsorption/desorption
equilibrium was reached. The MDPC squares were washed with
distilled water several times and dried under ambient condi-
tions before the test. The evaluation of SERS performance was
carried out on a randomly chosen area of an MDPC square. The
reproducibility evaluation was carried out on 30 randomly
chosen areas, and the stability evaluation was carried out by
measuring 15 Raman spectra on the same MDPC square every
two days. In all experiments, the laser power was fixed to 25
mW, 1%, and integration time was 20 s.
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